e High concentrations of free metal ions in the environment can be detrimental to bacterial survival. However, bacteria utilize strategies, including the activation of stress response pathways and immobilizing chemical elements on their surface, to limit this toxicity. In this study, we characterized LA4131, the HtpX-like M48 metalloprotease from Leptospira interrogans, with a putative role in bacterial stress response and membrane homeostasis. Growth of the la4131 transposon mutant strain (L522) in 360 M FeSO 4 (10-fold the normal in vitro concentration) resulted in the production of an amorphous iron precipitate. Atomic force microscopy and transmission electron microscopy analysis of the strain demonstrated that precipitate production was associated with the generation and release of outer membrane vesicles (OMVs) from the leptospiral surface. Transcriptional studies indicated that inactivation of la4131 resulted in altered expression of a subset of metal toxicity and stress response genes. Combining these findings, this report describes OMV production in response to environmental stressors and associates OMV production with the in vitro activity of an HtpX-like metalloprotease.
I
ron is a highly abundant, redox-reactive metal. The redox chemistry of iron allows it to readily transition between Fe (II) and Fe (III) states. This property, combined with its abundance, makes iron a key metal in environmental microbe-metal interactions (1) . In order to manage their environment, bacteria have developed the capacity to associate with and precipitate metal ions from aqueous sources (2, 3) . Extracellular biogenic iron oxides are amorphous iron precipitates closely associated with cell walls and exopolymers of bacteria and are the most common extracellular metal species affiliated with microorganisms (4, 5) . The precipitation of iron on the surface of bacteria resulting in the formation of amorphous iron oxides occurs by both active and passive processes (5) .
Active formation of iron precipitates can result from metabolic processes, whereby metabolic byproducts oxidize the metal ions, causing the formation of amorphous minerals (6) . An example of active metal ion precipitation is the selective regulation of iron oxyhydroxide formation on the surface of the neutrophilic, Fe (II)-oxidizing bacteria of the genus Leptothrix (6, 7) . Although the metabolic pathways involved in this process have not been fully characterized, regulation of iron oxidation by Leptothrix may enhance metabolic energy generation under certain environmental conditions (5) .
Passive iron oxide formation is the result of structures at the bacterial surface facilitating the accumulation, nucleation, and precipitation of metal ions (5) . Bacterial cell surfaces most commonly have an overall net negative charge resulting from the presence of cell wall components such as polysaccharides (5) . Electrostatic interaction between positively charged metal ions and the negatively charged bacterial surface can result in metal adsorption (3, 5) . Nucleation and precipitation of adsorbed Fe (III) occur when localized concentrations are sufficiently high at surface reactive sites (5) . Precipitates become stabilized at the bacterial surface and serve as sites for further metal aggregation (3) . Under extreme conditions, visible flocs of precipitated iron oxyhydroxide can be formed, leading to destabilized outer membranes (OM) and outer membrane vesicle (OMV) formation (2) .
Bacteria do not gain any metabolic advantage from passive nucleation events. Instead, it is thought that passive iron oxide formation may represent a survival mechanism to prevent cell death by decreasing the concentration of iron in solution to nontoxic levels (5) . Thus, passive nucleation, metal precipitation, and OMV formation represent a putative stress-response mechanism for heavy metal resistance (3) .
Outer membrane vesicles are membranous structures derived from the OMs of Gram-negative bacteria. Vesiculation is a ubiquitous process, occurring in both pathogenic and saprophytic organisms during normal growth (8) (9) (10) (11) . OMVs are primarily composed of soluble periplasmic proteins encased within an OM sheath (8) . Roles for OMVs in bacterial pathogenesis have been previously described (12) (13) (14) (15) (16) (17) . However, functions associated with bacterial survival remain unclear. To date, only a role in environmental stress response has been demonstrated.
Bacterial stress responses can be defined as "a cascade of alterations in gene expression and protein activity for the purpose of surviving extreme and rapidly changing and potentially dam-aging conditions" (18) . The E proteolysis pathway (19) and Cpx two-component signal transduction system (20) are involved in envelope maintenance, adaptation, and protection in response to environmental stress (21) (22) (23) (24) (25) . Both pathways regulate the expression and constitutive degradation of misfolded proteins within the cell periplasm. At high temperatures, the protease DegP is transcriptionally regulated by both systems to prevent the accumulation of toxic products (10, 26) . Studies have demonstrated induction of OMV production, under high temperatures, in response to degP mutation and associated accumulation of misfolded proteins within the periplasm (8, 10, 26, 27) . Multiple proteases, other than DegP, have been identified as key components in both Cpx and E pathways. Transcription of proteases is regulated by a wide range of environmental stimuli, suggesting, in turn, that OMV production may be stimulated under a range of different conditions.
The Escherichia coli metalloprotease HtpX degrades accumulated and misfolded protein products in both the E and Cpx pathways (21, 28, 29) . Orthologs of HtpX are present in nearly all bacteria. Mutational inactivation of HtpX causes increased thermal sensitivity, growth retardation, abnormal protein translocation, accumulation of misfolded products, and altered surface adhesiveness, cellular morphology, and surface antigen expression (28) (29) (30) (31) . This suggests that HtpX plays a central role in maintaining the various functions of the outer membrane.
In this paper, we present a phenotypic analysis of a strain of Leptospira interrogans in which the gene encoding LA4131, an OM-associated HtpX-like metalloprotease, has been insertionally inactivated. In particular, we show that this strain is defective in the normal active processes used by Leptospira to manage high concentrations of extracelluar soluble iron. Mass spectrometry (MS), atomic force microscopy (AFM), and transmission electron microscopy (TEM) analysis of the mutant demonstrated the production of an amorphous iron precipitate associated with the generation and release of OMVs from the leptospiral surface. Combined, these data indicate that passive nucleation stress-response processes are induced in direct response to inactivation of a HtpXlike metalloprotease. This report extends the repertoire of functions maintained by HtpX and adds to an existing body of work that shows that HtpX metalloproteases are essential for the normal function of the bacterial outer membrane.
MATERIALS AND METHODS
Bioinformatics analysis. The nucleotide and deduced amino acid sequences of la4131 were obtained from GenBank (NP_714311) ( Table 1) . Identification of conserved domains was conducted with RPS-BLAST (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). A cellular location for LA4131 was predicted using a combination of pSORTB (32, 33) , SignalP (34), LipoP (35) , SpLip (36) , and SecretomeP (37, 38) . Protein membrane topology was predicted using ConPredII (39) .
Bacterial strains and culture conditions. Random transposon mutagenesis of L. interrogans serovar (sv) Lai strain L56601 (designated L521 in this study) was described previously (40) . Disruption of la4131 in la4131 mutant clone L56 (designated L522 in this study) was confirmed by direct sequencing from genomic DNA as described by Murray et al. (41) . Leptospires were routinely cultured at 30°C in EMJH medium (Becton, Dickinson and Co., Sparks, MD) with kanamycin (50 g/ml) where appropriate. Based on the observation of phenotypic variation in particular lots of medium, lots 701688 and 8170035 were selected for iron phenotype experiments. Supplementation with 360 M FeSO 4 was used, where specified, for the cultivation of strains during iron precipitation investigations.
ICP-MS. Inductively coupled plasma mass spectrometry (ICP-MS) is a technique for quantification of analytes to subnanogram concentrations. Isotopic fingerprints display all constituent elemental isotopes at their respective atomic masses; each peak height represents the quantitative number (counts) of ions detected for each isotope (42 (43) can be resolved by ICP-MS. Three replicate 50-ml cultures of L521 and L522 were cultivated at 30°C in EMJH medium with or without iron supplementation until a density of 1 ϫ 10 9 cells/ml was reached. The cultures were pelleted and washed twice at 8,500 ϫ g for 15 min and resuspended in 10 ml of EMJH base solution (Becton, Dickinson and Co., Sparks, MD). The washed cell pellets were resuspended in 3 ml of 1% nitric acid to dissolve organic and inorganic cellular material. Inductively coupled plasma mass spectroscopy was conducted at the Monash University School of Geosciences (Clayton, Victoria, Australia) (44) .
Atomic force microscopy (AFM). Cultures of L. interrogans were grown to a density of 5 ϫ 10 8 cells/ml in 5 ml of EMJH medium with or without iron supplementation. One milliliter of culture was removed and centrifuged at 5,000 ϫ g for 15 min. The culture supernatant was removed and the pellet carefully resuspended in 100 l sterile deionized H 2 O. The culture was pelleted at 5,000 ϫ g for 15 min, and the cells were resuspended in sterile deionized H 2 O to a final density of 1 ϫ 10 7 cells/ml. A 10-l aliquot of the diluted cell suspension was air dried onto heat-treated glass microscope slides under aseptic conditions.
Surface characterization was undertaken in air with a PicoPlus atomic force microscope (AFM) interfaced with a Picoscan 3000 controller (Molecular Imaging Inc.). A silicon cantilever (Ultrasharp, NSC15/AIBS; MikroMasch) was used with a typical spring constant of 40 N/m in tapping and phase-contrast modes. The resulting images were analyzed using WSϫM 4.0 Develop 11.6 software. AFM imaging was performed twice on independently prepared samples.
Transmission electron microscopy (TEM). Cultures of L. interrogans were grown in EMJH medium with or without iron supplementation, pelleted, and resuspended in sterile deionized H 2 O to a final density of 1 ϫ 10 7 cells/ml. Paired samples of cells were fixed onto Formvar/carboncoated grids for 10 min and washed for 5 min with sterile deionized water. One grid from each pair was negatively stained with 2% phosphotungstic acid (pH 7.0) for 30 s to serve as a stained-image control. Samples were examined with a Hitachi H7500 electron microscope (Hitachi High Technologies America, Pleasanton, CA).
Microarray analysis. Three biological replicate RNA samples from L. interrogans sv Lai (L521) and the L. interrogans sv Lai la4131 mutant (L522) were grown in 100 ml EMJH medium with or without iron supplementation. Cells were harvested at a density of between 4 ϫ 10 8 and 7 ϫ 10 8 cells/ml. RNA purification, reverse transcription, microarray construction, cDNA hybridization, and array image analysis were conducted as described previously (45) . All conditions tested were cross-compared.
RESULTS
LA4131 is a putative outer membrane M48 metalloprotease. The la4131 gene of L. interrogans sv Lai strain L55601 consists of 1,977 nucleotides, encoding a protein of 659 amino acids. The distribution of la4131 in the genus Leptospira is unusual, with no ortholog identified in the genome of the bovine pathogen L. borgpetersenii (47) (48) (49) . RPS-BLAST analysis indicated that LA4131 contains an M48 superfamily domain (pfam01435) between residues 75 and 264; this M48 domain has a conserved zinc-binding motif, HELSH, between residues 143 and 147. These features are consistent with the identification of LA4131 as a putative bacterial metalloprotease. Analysis of the peptide sequence using SpLip, LipoP, and SignalP predicted that LA4131 has a leader sequence with a signal peptidase 1 cleavage site between residues 22 and 23. Thus, LA4131 is predicted to be localized in the OM. Beta strands and coiled regions were predicted at the C-terminal end of the protein after residue 530, further supporting an OM localization (50) .
Inactivation of la4131 results in growth medium-dependent iron precipitate production. Strain L522 was derived from L. interrogans sv Lai strain L56601 (40) . The transposon inserted at nucleotide 178 of the coding region of la4131. Quantitative reverse transcription-PCR (qRT-PCR) comparisons between the parent L521 strain and mutant L522 measured an 8-fold reduction (P Ͻ 0.01) in transcript levels after the point of transposon insertion in la4131 (data not shown).
No difference between the parent and mutant strains in growth rates was observed after routine culture in EMJH medium. However, with EMJH medium containing a high level of iron (360 M FeSO 4 ), phenotypic differences between L522 and the parental strain (L521) were observed; an orange precipitate formed in cultures of the la4131 mutant (L522) but not in those of the parent (L521). The formation of this precipitate was associated with an increase in cell pellet size; when 1 ml of culture (standardized for cell density) was centrifuged, the cell pellet sizes ranged from 100 l to 250 l. The wild-type (WT) strain consistently produced a pellet of 100 l (Fig. 1A) . We were alerted to the phenotype of L522 during routine culture in EMJH medium, with some cultures forming the orange precipitate. In EMJH medium not producing a phenotypic difference, such as lot 8170035, supplementing the medium with a final concentration of 360 M FeSO 4 induced an identical phenotypic difference. Precipitate production by the WT strain was not observed under the conditions tested. We note that iron concentration is not reported as part of the manufacturer's specifications sheet for EMJH medium.
ICP-MS was used to examine the metal and trace element isotope composition of cell pellets from cultures in which the phenotypic difference was observed. Figure 1B shows the ICP-MS spectra between 53.6 and 56.1 atomic mass units (AMU). Differences were observed in isotope Fe 56 , with a final ion count of Ͼ2,760,000 for L522 in comparison to Ͻ50,000 measured for the parent strain. The results indicated that the precipitate produced by the mutant contained a higher concentration of iron than the parent strain precipitate. Across the spectrum, no other difference in metal ion profiles was observed.
la4131 mutation causes surface association of precipitated iron and vesicle formation. Iron acquisition by bacterial cells is an active process mediated by proteins in the OM. Iron precipitate production by the la4131 mutant may affect, or be the result of, alterations in OM architecture. To determine if L522 displayed altered surface characteristics, two imaging techniques, atomic force microscopy (AFM) and transmission electron microscopy (TEM), were employed.
AFM produces topographical images of bacterial cell surface structures. Highly viscous materials, such as outer membrane vesicles (OMVs), are identified as bright or illuminated features by phase-contrast AFM (51) . By AFM, cells of the parental L521 strain, cultured under conditions of high or normal concentrations of iron, exhibited typical leptospiral features, such as helical morphology, periplasmic flagella, and OMVs ( Fig. 2A and B) . Vesicles were primarily associated with the periphery of the cell. Characterization of membranous features as OMVs was based on morphological comparison to surface structures previously observed in leptospiral TEM images (52, 53) (Fig. 2C) . The mutant L522 strain cultured with normal iron concentrations displayed features similar to those observed for strain L521. In contrast, substantial differences in cell surface characteristics were observed for L522 cells cultured under conditions of high iron concentrations ( Fig. 2D and E); these were associated with an array of extracellular materials (Fig. 2E) . In comparison to the parent strain (Fig. 2C) , L522 cells had an illuminated surface indicative of increased surface viscosity consistent with excessive membrane blebbing (Fig. 2F) . Thus, the absence of a functional la4131 gene caused an overall increase in surface viscosity and accumulation of precipitated material on the cell periphery.
TEM images of unstained L521 cells showed no electron-dense material associated with the cell irrespective of the growth medium ( Fig. 3A and B) . In contrast, electron-dense material was observed associated with the L522 mutant cultured under conditions of high and normal iron concentrations (Fig. 3C and D) . At normal EMJH concentrations of FeSO 4 (36 M), electron-dense material was closely associated at the junction between aggregated cells (Fig. 3C) . Iron precipitates were not observed on the surface of singular separate leptospires. At high iron concentrations, there was a large increase in the amount of electron-dense material in L522 cultures (Fig. 3D ). Precipitates were associated with both single and aggregated L522 cells. The production and release of OMVs from the cell surface were also increased under high iron conditions. The majority of electron-dense material was associated with the L522 cell periphery and the released OMVs. However, a proportion of the precipitate was clumped in the extracellular milieu and no longer associated with the cells, consistent with the hypothesis that mutation of la4131 increased iron association and passive precipitation at the surface of L522.
Effect of la4131 mutation on global gene regulation. The effect of la4131 mutation was assessed by microarray. Mutation of la4131 combined with growth at normal iron levels resulted in the differential expression of 11 genes (Table 2) in comparison to L521 cultured under the same conditions. Of these, the protein products of only three genes, namely, GTP pyrophosphokinase SpoT (LA3085), leptospiral endostatin-like protein LenD (LA1433; binds to laminin and fibronectin of host organisms [54] ), and a methyl-accepting chemotaxis protein (MCP) (SPN3218), had known or predicted functions.
Comparison of the mutant strain, L522, to the parent strain, L521, in the presence of increased FeSO 4 identified 13 differentially expressed genes. Of these genes, the protein products of five were orthologous to those of known bacterial cellular stress response genes (Table 2 ) (55-59). Comparison of levels of gene expression in the L522 mutant grown under normal and high iron conditions identified 19 differentially expressed genes; 10 of these genes had annotated functions ( Table 2 ). The same comparison performed with the parental L521 strain showed reduced expression for la3778, la1027, and la2200; these same three genes followed the same pattern of expression in the L522 mutant strain. These genes encode potential virulence factors, LigB (la3778), sphinomyelinase C (la1027), and a putative amidase (la2200). Thus, the differential expression of these genes is related to iron concentration and is independent of the la4131 mutation.
DISCUSSION
This study has investigated a transposon mutant of a putative HtpXlike metalloprotease, LA4131, and examined the phenotypic alterations associated with in vitro iron concentrations. Sequence similarity analysis demonstrated that LA4131 is most related to the M48 family of metalloproteases. M48 metalloproteases share similarity with heat shock proteins, such as E. coli HtpX and Saccharomyces cerevisiae Ste24p. These heat shock proteins respond to changes in temperature, exposure to UV irradiation, bacteriophage infection, and the presence of accumulated misfolded proteins (60) (61) (62) (63) (64) (65) . The proposed role of M48 metalloproteases is in the degradation of misfolded intracellular proteins (21, 28, 31, 62) .
Genes encoding protein orthologs of the HtpX-like metallo- protease LA4131 were identified within the available sequenced genomes of pathogenic leptospires, with the exception of the bovine pathogen L. borgpetersenii. It has been suggested that L. borgpetersenii is undergoing a process of genome reduction (66) centered on the inactivation of genes associated with environmental sensing, metabolite transport, and utilization. It can thus be hypothesized that the absence of a LA4131 ortholog, a protein with a putative role in environmental stress response, is a direct result of these processes. The ortholog identified within the saprophyte L. biflexa shares 28% similarity with LA4131. However, based on protein topology, the saprophytic protein is more similar to classical HtpX metalloprotease than that of LA4131, suggesting that LA4131 may play a unique but related function within pathogenic leptospires.
The N-terminal signal peptide is essential for protein translocation and localization of the E. coli M48 metalloprotease, HtpX, to the inner membrane (IM) (21) . Characterized HtpX proteins have two to four transmembrane helices that aid integration into the IM after protein translocation (21, 22, 28) . Despite regions of local similarity to the E. coli HtpX, it is apparent that the leptospiral LA4131 has a different membrane topology. LA4131 contains an N-terminal signal peptide, but the presence of small hydrophobic residues preceding the predicted signal peptidase I cleavage site indicates that this protein may be translocated across the IM by SecII-dependent processes and targeted to the OM. Supporting this notion, and in contrast to the E. coli HtpX, LA4131 has no predicted transmembrane helices but rather predicted C-terminal ␤-structures, consistent with localization in the OM. The OM localization is further supported by the MudPit analysis by Lo et al. (67) that found LA4131 located exclusively in the TX-114 extracted OM fractions from L. interrogans. Combined, our data suggest that L4131 is different from other M48 metalloproteases in that LA4131 is the first to have a predicted OM localization.
Generally, M48 metalloproteases have roles in the maintenance of membrane homeostasis, specifically in the removal of misfolded, nonfunctional proteins. Thus, phenotypic changes are likely to be indirect and due to interruption of normal membrane operation. Under high iron conditions, mutational inactivation of la4131 resulted in a phenotype where precipitated iron was associated with the bacterial surface along with the production of OM blebs and the subsequent release of outer membrane vesicles (OMVs). Thus, it is hypothesized that membrane-associated proteins, used in the management of excessive environmental iron concentrations, were not able to function normally in the LA4131 mutant due to the absence of a functional M48 metalloprotease to enable the appropriate reconfiguration of the membrane, resulting in OMV formation. This leads to the suggestion that M48 metalloproteases may play a role in facilitating the rapid retooling of membranes to suit prevailing environmental conditions.
The control of the intracellular iron concentration at below toxic levels is essential for life. The phenotype observed in the mutant is indicative of the mechanism used to maintain intracellular iron below toxic concentrations. In the LA4131 mutant, under high iron conditions, an alternative passive mechanism for management of intracellular iron concentrations is activated.
Examination of the passive management of iron concentration observed in the LA4131 mutant suggested that the destabilization of the OM and the sloughing of OMVs are likely to be part of a more generalized mechanism used by bacteria to manage intracellular toxicity. Vesiculation can function as part of cellular stress response system by aiding bacterial survival through specific enrichment and release of toxic compounds from the cell (2, 9, (68) (69) (70) . However, the mechanism of OMV formation and release is not well characterized. McBroom and Kuehn (10) investigated defined mutants of E. coli Cpx and E stress response pathway proteins and found a positive correlation between vesicle production, intracellular concentration of accumulated misfolded proteins, and the impairment of stress response mechanisms. Our report furthers this work and is the first to demonstrate a correlation between vesicle production and accumulation of surface iron due to the impairment of the activity of the LA4131 metalloprotease.
Transcription analysis allowed us to hypothesize a molecular basis for the phenotype observed in the LA4131 mutant. The reduced expression of the transcriptional regulator spoT (la3085), which is upregulated under conditions of iron limitation (71) , is consistent with an oversupply of iron. There is enhanced transcription of cell homeostasis and stress response genes, such as that encoding the methyl-accepting chemotaxis protein (MCP), SPN3218. Expression of MCPs enables bacteria to detect extracellular repellents or attractants, alter motility gene expression, and thus move toward a more favorable environment (72) , such as in this case, perhaps facilitating migration toward a lower iron concentration.
The enhanced expression of membrane oxidative stress response genes bolA and clpB (58, 73) in conjunction with lnt-1 may directly enhance OMV formation (10) . The production of vesicles would result in an overall reduction of the surface iron concentration (9), which in turn would alleviate some of the associated intracellular iron toxicity. Furthermore, upregulation of the expression of copZ and thiC with a concomitant reduction in la0634, encoding a putative metal transport protein, may aid in further limiting the heavy metal toxicity and promote cell survival (74) (75) (76) .
LA4131 is a member of the HtpX metalloprotease family of stress response proteins. We suggest that this protein has a cellular location in the OM that sets it apart from other members of this family of proteins, although its cellular role is likely to be similar to that of other M48 metalloproteases. This investigation of LA4131 under high iron conditions highlights the complexity of bacterial stress response pathways and their ability to compensate for loss of the activity of one of their component proteins in order to enable survival.
